BACKGROUND: Recent evidence has suggested that leptin concentration is associated with gonadal hormone levels, and that changes in leptin concentration may trigger the onset of reproductive function in children. However, the concurrent changes in body composition during puberty make the independent associations between leptin and gonadal hormone concentrations in children dif®cult to resolve. METHODS: To investigate the nature of associations between leptin levels and pubertal maturation, serum concentrations of leptin, estradiol, and testosterone and body composition measures were examined in a sample of 152 healthy pre-pubertal, pubertal, and post-pubertal children. RESULTS: Leptin concentration was nearly three-fold higher in post-pubertal girls than in pre-pubertal girls, but was relatively similar in pre-and post-pubertal boys. Signi®cant sex differences in leptin concentration existed in prepubertal, pubertal and post-pubertal children, and these remained signi®cant after controlling for adiposity. After adjusting for total body fat, fat-free mass and age, testosterone concentration was negatively associated with leptin levels in pubertal boys, while estradiol concentration was positively associated with leptin level in pubertal girls. CONCLUSIONS: Girls have higher serum leptin concentration before, during, and after puberty than boys, even after accounting for the development of greater female adiposity. Although other factors may be involved, sexual dimorphism in leptin concentrations during puberty appears to be partly due to a stimulatory effect of estradiol on leptin concentration in females and a suppressive effect of testosterone on leptin concentration in males.
Introduction
Since the discovery of the ob gene and its gene product, leptin, in 1994, 1 evidence from experimental studies has shown that leptin functions as a marker of peripheral body fat stores and that it is involved in the control of energy balance through the inhibition of food intake and the stimulation of energy expenditure. 2 ± 5 Leptin is secreted by the adipocyte, 6 and its concentration in the blood is highly correlated with the amount of adipose tissue in the body. Correlations between measures of body fat and leptin concentration range from 0.7 to 0.9 in both adults and children. 7 ± 10 However, leptin levels are higher in females than males, even after adjusting for greater female fatness, and this has been shown in both adults and children. 7,9,11 ± 14 Although the biological basis for the sex difference in leptin concentration is unclear at this time, it is likely that leptin expression is in¯uenced by sexspeci®c, or sex-in¯uenced, traits such as levels of gonadal hormones or the relative proportion of fat and fat-free mass. Studies in male and female rodents 15 ± 18 and in boys 19 suggest that leptin may be a trigger for the initiation of sexual maturation. Independent effects of testosterone 20, 21 and estradiol 22 on leptin concentration have been reported, while other studies have suggested that the level of fatfree mass may contribute to the lower leptin concentration of males compared to females. 11, 23 Therefore, if leptin concentration is related to hypothalamic-pituitary-gonadal function, then sexual dimorphism in leptin may emerge during puberty, but the emergent sex differences in body composition that occur during that time also must be considered. This study examined the relationships between leptin, gonadal hormones (testosterone and estradiol) and body composition in pre-pubertal, pubertal, and post-pubertal children.
Subjects and Methods

Subjects
We studied 152 healthy white children (79 boys and 73 girls) aged 8 ± 18 y who were enrolled in the Fels Longitudinal Study 24 and who were examined between March, 1990 and December, 1996 . This is a community-based, longitudinal study of growth and aging. Data from this study has been used to construct the National Center for Health Statistics' growth charts for children 0 to 36 months. 25 Most current participants are descendants of subjects randomly recruited from the local community during the 1930's, 1940's, and 1950's. The families were and are randomly ascertained; that is, they are not selected on the presence or absence in a family member of any particular condition or disease. To characterize the nutritional status of the group, mean weight and stature within each chronological age fell between the 50th and 75th percentiles of the U.S. population distribution. 26, 27 A fasting blood sample was collected from each participant between 0800 and 0900 hours and aliquoted for different purposes, including a serum sample archived at 7 80 C until analysis. Body composition measurements were taken on the same day following the collection of serum. These data were collected following protocols and using informed consent forms approved by the Institutional Review Board of Wright State University. Legal consent was provided by parents for participants under age 18, and written andaor verbal consent was obtained from each child before testing.
Pubertal development
Pubertal development ratings were determined by self-assessment of breast development in girls and genitalia development in boys every six months between the ages of 10 and 17, inclusive. The purpose of the self-assessment was explained in private to each participant who was then given sex-appropriate sets of line drawings and verbal descriptions matching those ®rst described by Reynolds and Wines 28 and later popularized by Tanner, 29 and that are often referred to, therefore, as Tanner stages. The line drawings depicting each Tanner stage provide templates of ®ve stages of breast and genitalia development. After any questions had been answered, the participant undressed completely in a private cubicle with a full-length mirror to assist self-examination. Given the longitudinal nature of the study, which necessitates ongoing participation, and the reluctance of participants, particularly adolescents, to undergo examination, we rely on self-assessment of Tanner stages. Self-assessed pubertal development estimation in clinical settings has been estimated to have a concordance rate with physician assessment of 60 ± 85%. 30, 31 For children less than 10 years of age, Tanner stage 1 was assigned, while for those greater than 17 years of age, Tanner stage 5 was assigned. Approximately 95% of boys less than 10 years of age would be expected to be in Tanner stage 1, according to data collected on the mean and standard deviation of the age on reaching genital stage 2. 32 Approximately 85% of girls less than 10 would be expected to be in Tanner stage 1, according to data collected on the age upon reaching breast stage 2. 33, 34 Given the error introduced by this assumption, particularly in girls, we examined individual estradiol values in girls classi®ed as Tanner stage 1. All values were less than 15 pgaml, the reference level for pre-pubertal children, 35 indicating that our assumption that girls less than 10 years of age were``pre-pubertal'' was reasonable.
These ®ve Tanner stages were reduced to three pubertal status groups to increase sample sizes and to simplify the presentation of results. These groups are: pre-pubertal', corresponding to Tanner stage 1;`pubertal', corresponding to Tanner stage 2, 3, or 4; and post-pubertal', corresponding to Tanner stage 5. The distribution of chronological ages within each pubertal status group is shown in Table 1 .
Body Composition
Four measures of body composition were obtained: the body mass index (BMI, kgam 2 ), total body fat (TBF, kg), subcutaneous fat estimated from the sum of six skinfolds (Sum of skinfolds, mm), and total fatfree mass (FFM, kg). Stature was measured to 0.1 cm on a Holtain stadiometer (Seritex, Carlstadt, NJ), weight was measured to 0.1 kg on an electronic scale (Seca, Munich, Germany), and skinfolds were measured to 0.5 mm with Holtain calipers (Holtain Ltd., Crymych, U.K.). The skinfolds included three trunk sites (subscapular, suprailiac, and midaxillary) and three extremity sites (triceps, biceps, and medial calf) and were measured, along with stature and weight, using standard anthropometric methods. 36 Leptin concentration during puberty EW Demerath et al
Measures of TBF and FFM were obtained from a multicomponent body composition model using underwater weighing and residual volume to calculate total body density. Residual volume was estimated using a helium-dilution method on a computerized pulmonary function analyzer (Sensormedics, Yorma Linda, CA). Age-and sex-speci®c equations were used to calculate the density of the fat-free mass. 37 Using these ®gures and total body density from hydrodensitometry, percentage body fat (%BF) was determined. 36, 37 Total body fat and FFM were calculated from body weight and %BF.
Leptin and gonadal hormone assays
Serum concentrations of leptin (ngaml) were measured using a radioimmunoassay method (Linco Research, Inc., St. Charles, MO) from the serum aliquots stored at 7 80 C, using the manufacturer's protocol. This assay's limit of sensitivity is 0.5 ngaml, and the intra-assay and inter-assay coef®cients of variation were 6% and 7%, respectively. 38 These values are within the range reported by the manufacturer. No signi®cant degradation of the protein under storage was detected; the correlation between length of storage (up to six years) and leptin concentration was not signi®cant (r 0.04, P 0.41).
The concentrations of total testosterone and estradiol were measured in serum stored at 4 C for 1 ± 5 d until analyzed using the appropriate DPC Coat-A-Count radioimmunoassay packages (Diagnostic Products Corporation, Los Angeles, CA). Detection limits for estradiol and total testosterone were 8 ± 3600 pgaml and 0.04 ± 16 ngaml, respectively. The intra-assay coef®-cient of variation was 14% for estradiol and 12% for total testosterone. The inter-assay coef®cient of variation was 15% for estradiol and 13% for total testosterone.
There were 12`pubertal' and 29`post-pubertal' girls who reported having reached menarche and who indicated the number of days since their last menstruation. The distribution of visits that occurred 0 ± 7 d, 8 ± 14 d, 15 ± 21 d, 22 ± 28 d, and more than 28 d since the ®rst day of the last menstrual period is provided in Table 2 . Visits occurred randomly throughout the menstrual cycle for these girls, and leptin concentration was not signi®cantly related to the timing of blood collection during the menstrual cycle.
Statistical analysis
Multiple measures were available for some individuals; all available data were used in the analysis, with the restriction that an individual was represented only once within each of the three pubertal status groups. Data from the most recent visit within each of three pubertal status groups were chosen, yielding a total of 110 observations from 79 boys and 101 observations from 73 girls. Tests of statistical signi®-cance were performed within, not between, pubertal status groups to avoid violating the assumption of independence of observations. Leptin values were not normally distributed, but were positively skewed in both sexes; therefore, either non-parametric tests, or natural logarithm (ln) transformed leptin values were used in statistical analyses, as indicated in the text.
The signi®cance of sex differences in leptin concentration was tested within each pubertal status group using the Wilcoxon rank-sum test. Second, a subset of single values from the most recent visit of each participant was used in an analysis of variance to assess the signi®cance of mean differences in leptin, body composition and hormones across pubertal status groups. Third, an analysis of covariance was performed on all data within each pubertal status group to assess sex differences in leptin concentration adjusting for total body fat. This subset of values was used for the calculation of Pearson correlation coef®cients to examine overall associations between leptin and body composition and gonadal hormone concentrations, and correlations also were calculated within each pubertal status group. In pre-pubertal children, most values for estradiol and testosterone were less than the detection limit of the assays, and therefore the relationships between leptin and these hormones could not be tested in that group. Finally, stepwise multiple regression was used to determine the relative contribution of testosterone and estradiol levels in boys and girls, respectively, to variation in leptin concentration in pubertal and post-pubertal children. Variables were allowed to enter the stepwise model at a signi®cance level of 0.10 or less, but were allowed to stay in the model only if reaching a signi®cance level of 0.05. All statistical analyses were performed using SAS for Windows (version 6.12, SAS Institute, Cary, NC, 1989 ± 1996).
Results
Characteristics of pre-pubertal, pubertal, and postpubertal children
Means and standard deviations are presented in Table  3 for hormone levels and body composition, by sex Pre-pubertal 27 (100%)
*All pre-pubertal girls, and 29 out of 30 pubertal girls with missing data, had missing data because they were pre-menarcheal.
Leptin concentration during puberty EW Demerath et al and pubertal status group. Both sexes exhibited the expected increases in BMI, FFM, and gonadal hormones over the course of pubertal development; however, TBF and sum of skinfolds increased signi®cantly only in girls.
Effects of sex and pubertal stage on leptin concentration
Serum leptin concentration nearly tripled in females during the course of pubertal development. Mean leptin concentration ( AE standard deviation) was 6.7 AE 4.6 ngaml in pre-pubertal girls, 12.7 AE 8.1 ngaml in pubertal girls, and 19.6AE 11.9 ngaml in post-pubertal girls (Figure 1 ) In contrast, leptin concentration changed little in males during this period; mean levels were 4.7 AE 3.9 ngaml in pre-pubertal boys, 4.1 AE 4.1 ngaml in pubertal boys, and 4.2 AE 5.2 ngaml in post-pubertal boys. Leptin concentration was signi®cantly higher in girls than boys (P`0.01) in all groups. An analysis of covariance was used to simultaneously test the effects of sex and TBF on leptin concentration to determine whether or not the sex differences in leptin level could be explained by greater female fatness. When leptin concentration was adjusted for TBF, girls still had signi®cantly higher mean leptin concentrations than did boys in each group (Table 4 ). In the post-pubertal status group, there was a four-fold difference in leptin concentration between the sexes.
Associations between leptin concentration, body composition, and gonadal hormones
To provide an overview of the relationships between leptin, body composition and gonadal hormones during childhood and adolescence, correlations were calculated for a sub-sample of values (one observation per subject, 79 boys and 73 girls). In boys, leptin was positively correlated with BMI (r 0.61, P`0.0001), sum of skinfolds (r 0.85, P`0.0001), and TBF (r 0.83, P`0.0001), and was negatively associated with testosterone (r 7 0.32, P`0.05). In girls, leptin was positively correlated with BMI (r 0.72, P`0.0001), sum of skinfolds (r 0.73, P`0.0001), and TBF (r 0.79, P`0.0001). Girls also exhibited positive relationships between leptin and age (r 0.43, P`0.0001), FFM (r 0.44, P`0.001), and estradiol (r 0.34, P`0.05). * Indicates a signi®cant difference across pubertal status groups from analysis of variance in a subset of independent measures (one per subject: Boys N 79; Girls N 73), P`0.05. Tests for testosterone and estradiol were performed on In-transformed values. **Values for testosterone and estradiol that were below the detection limits of the assay were set to missing. Sample sizes for these variables were N 9, N 34, and N 34 in pre-pubertal, pubertal, and post-pubertal boys, respectively, and N 13, N 32, and N 30 in pre-pubertal, pubertal, and post-pubertal girls, respectively. 
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To provide more details of these associations with regard to pubertal development, Table 5 shows the correlations between leptin concentration, measures of body composition and gonadal hormone concentrations by sex and pubertal status group. Strong positive correlations between leptin concentration and measures of adiposity (r 0.6 to 0.8) were found in both sexes, and in both pubertal and post-pubertal children, but these associations tended to be somewhat weaker among pre-pubertal girls. Negative correlations were found between leptin concentration and both age (r 7 0.37, P`0.05) and testosterone concentration (r 7 0.51, P`0.01) in post-pubertal boys. Positive correlations were found between leptin concentration and FFM (r 0.37, P`0.05), testosterone (r 0.41, P`0.01), and estradiol concentration (r 0.37, P`0.05) in pubertal girls.
Relationships between serum leptin concentration and gonadal hormones also were tested using stepwise multiple linear regression in pubertal and post-pubertal boys and girls ( Table 6 ). The independent variables in the model included age, TBF, FFM, testosterone (in boys) and estradiol (in girls). While TBF accounted for a substantial portion of the variation in leptin concentration in pubertal and postpubertal boys R 2 0.54 and 0.66, respectively), testosterone also had a small but signi®cant independent negative effect (partial R 2 0.10, P`0.05) on leptin concentration in pubertal boys. Effects of the other variables tested in this model (age and FFM) were not signi®cant in boys.
Similarly, total body fat explained a large portion of variation in leptin concentration in pubertal and postpubertal girls (R 2 0.50 and 0.68, respectively). Additionally, a small but signi®cant positive association was found between leptin and estradiol in pubertal girls (partial R 2 0.07, P`0.05).
Discussion
Leptin concentration increases during pubertal development in girls; leptin concentrations were three-fold higher in post-pubertal girls than pre-pubertal girls. In contrast, leptin concentrations were similar across pubertal status groups in boys. These ®ndings corroborate those from most other studies that have examined leptin during puberty; 11,39 ± 44 there is one study, however, that has reported a decline in leptin level with advancing pubertal stage in obese children of both sexes. 9 In our study, girls had signi®cantly higher leptin levels than boys in each pubertal status group even after adjusting for total body fat. The magnitude of the sex difference in leptin concentration was accentuated during puberty and post-puberty. Reports are divided on the presence of sexual dimorphism in leptin in prepubertal children. Several have found that sex differences in leptin do not emerge until puberty. 11, 12, 39, 45 Others, however, have reported signi®cant sex differ- Table 3 for sample sizes for these variables.
Leptin concentration during puberty EW Demerath et al ences in leptin level in pre-pubertal children similar to those shown here. 7, 21, 41 Further, female newborns have been found to have higher cord blood concentrations of leptin than male infants, 46 suggesting that sexual dimorphism in leptin level exists not only in children and adults but throughout life.
In our study, the sexual dimorphism in leptin in children was explained not only by sex differences in adiposity, but also by the opposite effects of testosterone and estradiol in pubertal (Tanner stages 2 ± 4) boys and girls. Without consideration of total fat, leptin was negatively correlated with testosterone in post-pubertal boys, and positively correlated with testosterone and estradiol in pubertal girls. After adjusting for TBF in a stepwise regression model, the leptin-testosterone association was apparent only in pubertal boys, indicating that the unadjusted correlation seen in post-pubertal boys was probably due to the effect of body fat. In pubertal girls, the strength of the association between leptin and estradiol was reduced but not eliminated by the adjustment for TBF. These results suggest that the level of gonadal hormones relates to leptin concentration at particular points in pubertal development but that the association is modi®ed by the level of body fat. The sexual dimorphism in leptin concentration among pre-pubertal children requires further investigation, as it appears to exist after controlling for differences in body fat and before the pubertal increase in gonadal hormone concentration begins.
We have recently found (unpublished data) that average yearly increments in leptin concentration are positive in 8 ± 11 year old boys and negative in 12 ± 14 and 15 ± 17 year old boys, while average yearly increments in leptin concentration are positive in 8 ± 10 and 11 ± 13 year old girls, and close to zero in 14 ± 17 year old girls. In boys, increments in leptin concentration were negatively associated with serial changes in testosterone concentration (r 7 0.3 to 7 0.6, P`0.05) and dehydroepiandrosterone concentration (r 7 0.4 to 7 0.8, P`0.05). In girls, leptin increments were positively associated with serial changes in estradiol concentration (r 0.5, P`0.001), but only among 11 ± 13 year olds. Older and younger girls did not exhibit this association. These unpublished results bolster the cross-sectional associations between leptin concentration and gonadal hormone concentrations described in the present analysis.
There is substantial evidence from in vitro and animal studies to support a functional relationship between leptin and gonadal hormones. Leptin receptors have been found in the hypothalamus 47 and in the ovary and prostate, 48 indicating that leptin may affect the production of gonadal hormones directly or indirectly, via changes in gonadotropin releasing hormone from the hypothalamus. In experimental studies, a dose-dependent decline in leptin expression has been documented in cultured human adipocytes exposed to testosterone 21 and testosterone substitution has been found to reduce leptin levels in hypogonadal men. 20 In the former case, signi®cant effects of testosterone on leptin production were detected at very low concentrations of testosterone (1 ngaml), similar to those seen in early puberty in males. Con¯icting evidence exists pertaining to the role of estrogen in the regulation of leptin production. Leptin has been shown to raise depressed estradiol levels in ovariectomized rats. 22 However, Saad et al found no difference in leptin levels between post-menopausal and pre-menopausal females, 14 casting doubt on the biological relationship between leptin and estrogens.
Compared to the large effect of adiposity on leptin level, the effect of gonadal hormones in the present study was relatively small and limited to only pubertal children, and accounted for approximately 7 ± 10% of leptin variation. Because of the relatively small effect size of these hormonal factors, and the small sample sizes of children typically observed in these studies, there remains some disagreement as to whether or not testosterone andaor estradiol have biologically significant relationships with leptin once other covariates have been considered. Wabitsch et al 21 found linear associations between estradiol (r 0.2) and testosterone (r 7 0.2), similar to those reported here, in their sample of obese children. Blum et al 39 and Ambrosius et al 49 have reported a strong negative relationship between leptin and testosterone in boys (r 7 0.4), which, as was found in our study, accounted for approximately 10% of leptin variation, but neither study reported an effect of estradiol on leptin concentration in girls. In contrast, a small study of healthy prepubertal and pubertal children found no relationship between testosterone and leptin in boys, and a signi®cant positive association between estradiol and leptin in girls, 44 but when sexes were combined, a negative association between free testosterone and leptin was found.
The data shown here indicate that the nature of the adipocyte response to increases in gonadal hormones during puberty is sex-speci®c and is strongly affected by differences in body composition. The interpretation of study results is confused when boys and girls are considered together in regression models, as was done by Roemmich et al. 44 In that case it appeared that in both sexes, leptin was negatively associated with testosterone and positively associated with estradiol. However, our results suggest this is not the case; leptin was positively correlated with testosterone in pubertal girls and tended to be negatively correlated with estradiol in boys. It appears that the leptin response to speci®c circulating gonadal hormones differs between the sexes. Without the separate analysis of males and females, or consideration of interaction effects between sex and hormonal or other factors, the precise nature of these associations is obscured.
The potentially confounding effect of changes in body composition on the associations between leptin and gonadal hormones in pubertal children was carefully considered in our study. It has been suggested Leptin concentration during puberty EW Demerath et al that in addition to the known relation with fat mass, serum leptin concentration may be in¯uenced by fatfree mass. 11, 23 However, there was no independent association between leptin and FFM in either boys or girls, nor did this relationship appear in a stepwise regression model when the effect of adiposity was simultaneously considered.
In a comparison of the relationships between leptin and various measures of adiposity (BMI, TBF from hydrodensitometry, and skinfolds), it was found that TBF and skinfolds measures were more strongly correlated with leptin than was BMI. For this reason, TBF was used in the multiple regression analysis. Most studies analyzing the relationships between leptin and pubertal development in humans have used BMI or other weight-dependent measures of adiposity. However, BMI and weight, which re¯ect lean body mass as well as fat mass, may not be good proxies of total adiposity in children. In adults, weight gain is almost entirely due to increases in adiposity, whereas in growing children, increases in bone and muscle mass account for a signi®cant proportion of weight gain. The use of alternative methods of body composition assessment, such as the 18 O-dilution method used by Arslanian et al 50 and Salbe et al, 45 may explain why these authors found no signi®cant sex differences in leptin concentration in children after adjusting for body fat. Therefore, especially when studying children, the particular technique used to measure body fat stores may affect the detection of other factors associated with leptin.
Conclusion
Leptin changed relatively little from pre-to postpuberty in males compared to females. The rise in leptin concentration in girls from pre-to post-puberty occurred simultaneously with a signi®cant rise in the level of body fat. Although total body fat was the primary determinant of leptin concentration, small independent effects of gonadal hormones were found. Testosterone was negatively associated with leptin in pubertal boys, and estradiol was positively associated with leptin in pubertal girls. These ®ndings support the notion that while sexual dimorphism in leptin exists in pre-pubertal children, sex differences are magni®ed during the process of sexual maturation due to increases in fat mass in girls and sex-speci®c responses to circulating gonadal hormones. Future analyses of long-term serial data in these children will determine if leptin directly in¯uences the production of, or is directly in¯uenced by, circulating sex hormones during puberty, or whether their association is the product of other maturational processes.
